Activity-dependent competition shapes corticospinal (CS) axon outgrowth in the spinal cord during development. An important question in neural repair is whether activity can be used to promote outgrowth of CS axons in maturity. After injury, spared CS axons sprout and make new connections, but often not enough to restore function. We propose that electrically stimulating spared axons after injury will enhance sprouting and strengthen connections with spinal motor circuits. To study the effects of activity, we electrically stimulated CS tract axons in the medullary pyramid. To study the effects of injury, one pyramid was lesioned. We studied sparse ipsilateral CS projections of the intact pyramid as a model of the sparse connections preserved after CNS injury. We determined the capacity of CS axons to activate ipsilateral spinal motor circuits and traced their spinal projections. To understand the separate and combined contributions of injury and activity, we examined animals receiving stimulation only, injury only, and injury plus stimulation. Both stimulation and injury alone strengthened CS connectivity and increased outgrowth into the ipsilateral gray matter. Stimulation of spared axons after injury promoted outgrowth that reflected the sum of effects attributable to activity and injury alone. CS terminations were densest within the ventral motor territories of the cord, and connections in these animals were significantly stronger than after injury alone, indicating that activity augments injury-induced plasticity. We demonstrate that activity promotes plasticity in the mature CS system and that the interplay between activity and injury preferentially promotes connections with ventral spinal motor circuits.
Introduction
During development, corticospinal (CS) axon outgrowth in the spinal cord is shaped by activity-dependent competition. More active CS axons from one hemisphere overgrow regions of the spinal cord normally occupied by less active CS axons from the other hemisphere (Friel and Martin, 2005; Martin, 2005) . Limiting CS activity from one hemisphere during development results in functional deficits of the contralateral forelimb that can be ameliorated by limiting activity from the other hemisphere later in development . Thus, activity can be manipulated during development to stunt or promote CS function.
Here we ask whether activity also can promote outgrowth of CS axons after partial injury in maturity. After injury, spared CS axons sprout in the brainstem and spinal cord (Aoki et al., 1986; Hill et al., 2001; Weidner et al., 2001 ) and make new connections (Bareyre et al., 2004) . Novel circuits after CS injury drive spontaneous functional improvement after CS injury (Weidner et al., 2001) . Harnessing activity-dependent plasticity might be a way to restore lost connections between the brain and spinal cord after injury.
In this study, we addressed two questions about activity and injury in the mature CS system. First, what are the contributions of activity and injury driving CS system plasticity? Second, does activity-dependent plasticity cooperate with injury-induced sprouting of spared CS axons to strengthen their connections with spinal motor circuits? To study the effects of activity, we electrically stimulated CS tract axons in the medullary pyramid, which contains all of the tract's axons from one hemisphere. To study injury, one pyramid was lesioned. The pyramid contains predominantly contralateral (90%) and sparse ipsilateral CS axons (10%) (Joosten, 1997; Brosamle and Schwab, 2000) . We focused on the ipsilateral projection of the intact pyramid, whose connections and physiological actions were measured. This models the sparse CS connections preserved after CNS injury, such as stroke or spinal injury.
To understand the separate and combined contributions of injury and activity, we examined animals receiving stimulation only, injury only, and injury plus stimulation. We determined the capacity of CS axons to activate ipsilateral spinal motor circuits and traced their projections to the cord. Our hypotheses stem from the developmental competition model (Martin and Lee, 1999; Salimi et al., 2004; Martin, 2005) . We predicted that both injury alone, because of loss of competition from the lesioned contralateral projection, and stimulation alone, by outcompeting less active terminations, would cause outgrowth of ipsilateral CS axons and stronger ipsilateral motor responses. We further predicted that the effects of injury and activity would cooperate.
We found that both stimulation and injury alone strengthened ipsilateral CS connectivity. The greatest effect, however, was seen with stimulation after injury. CS terminations in these animals were densest within the ventral motor territories of the cord, and these connections were significantly stronger than after injury alone. This indicates that activity can augment sparse connections from motor cortex to ipsilateral spinal motor circuits. Using activity to drive plasticity of spared CS axons could help restore motor function after brain or spinal injury.
Materials and Methods
Experiments were conducted on adult female Sprague Dawley rats. The surgeries (tracing, electrode implantation, and spinal electrophysiology) were performed under general anesthesia (80 mg/kg ketamine; 10 mg/kg xylazine, i.p.) and sterile conditions. All procedures were approved by the institutional animal use committee.
Corticospinal axon tracing
Two weeks before pyramidal tract (PT) lesion (PTx) and/or electrode implantation, corticospinal tract (CST) axons were labeled bilaterally by pressure injecting (Picopump, World Precision Instruments, Sarasota, FL) the tracer biotinylated dextran amine (BDA; Invitrogen, Carlsbad, CA; 10% in 0.1 M PBS; 300 nL/injection site) into one motor cortex and Lucifer yellow-dextran amine (LY-DA; Invitrogen; 1% in PBS; 300 nL/ injection site) in the other. We made 15 BDA injections, separated by ϳ500 m, into the stimulated and/or intact hemisphere and 3 LY-DA injections into the lesioned and/or unstimulated side. Injections were made 1.5 mm below the pial surface. This covered the forelimb area of sensorimotor cortex and rostral motor field on each side (Neafsey et al., 1986) . Using separate tracers for each hemisphere allowed identification of stimulated and nonstimulated axon terminations. For severed axons in the lesioned PT, LY-DA tracing provided evidence that the lesion severed all of the CST axons from one hemisphere; histology showed no LY-DA labeling in the caudal brainstem or spinal cord of lesioned animals. BDA was used to trace the CS axons that were measured in the ipsilateral cervical spinal cord. Animals recovered for 2 weeks before PTx or implantation of stimulating electrodes, ensuring that there were no impairments caused by the tracer injections.
Pyramidal tract lesion and electrode implantation
Four animal groups were used: uninjured controls, PTx alone, stimulation alone, and PTx followed by stimulation. A small craniotomy was made in the ventral surface of the occipital bone exposing the PT on the ventral brainstem surface. For PTx, a 1.1 mm wire knife (diameter of knife arc; Kopf Instruments, Tujunga, CA) was lowered to a depth of 1.1 mm below the ventral medulla surface [4 mm caudal to interaural distance (Paxinos and Watson, 1986) ] immediately adjacent to the basilar artery. The wire was deployed and gently lifted to the surface, ensuring a complete lesion of one pyramidal tract. Lesions were verified histologically by transverse sections at the lesion site (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
For PT stimulation, a tripolar electrode (two leads, one ground; 0.005 inch insulated stainless steel; PlasticsOne, Roanoke, VA) was placed on the surface of the PT. Correct placement was verified at the time of implantation by evoking selective movement of the contralateral forelimb with a threshold electrical stimulus (typically 35-120 A). The electrode was then secured with dental acrylic adhered to two microscrews (Small Parts, Miami Lakes, FL) anchored to bone. Immunostaining for GFAP showed no evidence of gliosis or other tissue injury within the pyramid. Although the presence of the electrode sometimes caused a distortion in the pyramid surface, we were further able to confirm that there was no damage, because we followed labeled axons through the implantation site and saw no loss of labeling. The electrode was attached to a connector mounted to the dorsal skull surface with acrylic cement and bone screws. Animals in the injured plus stimulated group underwent both procedures during one surgery. Animals in the control group underwent a surgery that included craniotomy and electrode implantation but without stimulation ("sham stimulation").
Our approach, using an electrode mounted to the ventral pyramid surface, selectively activated the CST based on two control experiments (for further discussion, see supplemental material 3, available at www. jneurosci.org). First, lesion of the stimulated pyramid in acute control experiments abolished the selective contralateral motor response evoked by PT stimulation (supplemental Fig. S3 A, B , available at www. jneurosci.org as supplemental material). Second, surface stimulation at higher currents after PT lesion in acute control experiments, or from within the reticular formation dorsal to the pyramid using a macroelectrode (Microprobe, Gaithersburg, MD), evoked responses that were substantially shorter than the responses evoked in the four animal groups (supplemental Fig. S3C , available at www.jneurosci.org as supplemental material). The shorter responses are consistent with activation of reticulospinal axons (for further description, see supplemental material 3, available at www.jneurosci.org).
Stimulation parameters
Animals receiving stimulation were attached to a commutator (PlasticsOne) and stimulated 6 h each day for 10 d. We used a constant-current stimulator (A-M Systems, Sequim, WA) with the following stimulation parameters: 333 Hz, 45 ms burst, delivered every 2 s. We chose these parameters because we found them to be optimal for evoking spinal postsynaptic responses (Meng et al., 2004) and limb movement. Stimulation current was set at the minimum level needed to evoke forelimb motor contraction. At the end of the stimulation period, animals were given an overdose of anesthetic and perfused (see below). Stimulation points in the pyramid are verified using the Prussian blue reaction for iron deposits. Rats moved about their cages less during the 6 h stimulation period. Because the current was set at the threshold for the smallest visible movement, the animals appeared unperturbed by the stimulation. Moreover, there were no signs of limb disuse or behavioral deficit observed after stimulation.
Motor nerve recordings
Rats underwent a terminal electrophysiological evaluation of the electroneurogram (ENG) recorded from the deep radial nerve (DRN). Animals were anesthetized using ketamine, which preserves corticospinal evoked motor responses (Hicks et al., 1992; Sloan, 1998) . Nerve cuff recording electrodes (as described by Julien and Rossignol, 1982) , made of molded Reprosil (Dentsply, Milford, DE) and braided stainless steel wire (CFW, Grover Beach, CA), were placed on the left and right radial nerves just distal to the bifurcation into the deep and superficial branches. Cuffs were secured to the nearby triceps tendon and covered with Reprosil to insulate the nerve and recording wires. The implanted ventral PT electrode (see above) was used to evoke responses in contralateral and ipsilateral DRNs. We recorded responses from the cuff electrodes using a differential amplifier (model 1800; AM Systems, Carlsborg, WA) (gain 1000ϫ, high-pass filter, 10 4 Hz, low-pass filter, 10 Hz). We used different numbers of pulses to control for effects of summation. For each stimulus train (two, three, five, or eight pulses, 333 Hz), we determined the minimum current needed to evoke a contralateral and an ipsilateral ENG response (e.g., "threshold") in at least 50% of the trials. We acquired the responses using an analog-to-digital converter (Digidata 1322A; Axon Instruments, Sunnyvale, CA) at 10 -20 kHz per channel. After each experiment, we verified the threshold response off-line using the program Axograph for OS X (Axograph Scientific, Sydney, Australia) for the Macintosh computer (Apple Computer, Cupertino, CA). Supplemental Figure S2 (available at www.jneurosci.org as supplemental material) shows a representative sample recording from the DRN from a stimulation-only animal evoked by PT electrode stimulation.
Threshold currents for contralateral and ipsilateral ENG responses were obtained in response to each of the four stimulus trains. To compare between animals, we computed a ratio of the ipsilateral to the contralateral threshold. Using a ratio eliminates animal-dependent state differences, such as depth of anesthesia and stimulating electrode characteristics. Average threshold ratios for each stimulus train were computed for each animal group. This ratio was used as a measure of the relative ability to activate ipsilateral spinal motor circuits.
Repeated measures ANOVA and the Games-Howell post hoc test (5% significance level) were used to determine differences among groups using the program Statview (SAS, Cary, NC) for the Macintosh computer. Traces of ENG activity were also analyzed for onset latency (time from first stimulus artifact to ENG response onset) in response to a three-pulse stimulus train. Latencies were measured from the average of traces. Images of traces were constructed from averages of responses.
Tissue preparation and staining
At the end of the survival period, animals were killed and perfused with saline followed by 4% paraformaldehyde. The brain and spinal cord were removed, postfixed in the same fixative at room temperature for 1.5-2 h, and then transferred to 20% sucrose in 0.1 M phosphate buffer at 4°C overnight. Frozen transverse sections (40 m) from the sixth cervical segment were cut serially and collected in a 0.1 M PBS solution. We also collected sections through the pyramid, to verify electrode placement and/or lesion, and the motor cortex, to verify tracer injection locations.
Sections were processed for BDA histochemistry and LY immunohistochemistry to determine the distribution of labeled CS terminals. Selected spinal, medullary, and cortical sections were Nissl stained to assess cortical/laminar cytoarchitecture and the lesion site. For visualization of BDA, sections were incubated in PBS, pH 7.4, containing 1% avidinbiotin complex reagent (ABC kit; Vector Laboratories, Burlingame, CA) and 0.2% Triton X-100 for 2 h at room temperature. After rinsing, sections were incubated with the chromogen diaminobenzidine (DAB; Sigma, St. Louis, MO) for 6 -30 min. After rinsing again, sections were mounted on gelatin-coated slides, air-dried overnight, dehydrated, and coverslipped. For visualization of LY, sections were incubated at 4°over-night in PBS, pH 7.4, containing 0.01% rabbit anti-LY antibody (Invitrogen) in blocking buffer (3% goat serum in 1ϫ PBS with 0.2% Tween 20). After rinsing, sections were incubated for 2 h at room temperature in blocking buffer containing 0.2% anti-rabbit antibody conjugated to peroxidase. Sections were rinsed again and incubated with the chromogen DAB for 5-30 min. Sections were then mounted on gelatin-coated slides, air-dried overnight, and coverslipped.
Anatomical data acquisition and analysis
Ipsilateral CS axon terminations. The Neurolucida tracing system (MBF Bioscience, Williston, VT) was used to measure axon length and varicosity number. These measurements were then used to create topographical density maps to determine changes in ipsilateral axon terminations. Axon length and varicosity number were measured in five transverse sections for each animal. For construction of topographical density maps ("heat maps"), digital tracings of individual sections were corrected for orientation and aligned with one another according to fiduciary marks (intersection between the gray matter above the central canal and the dorsal median septum) before being exported and quantified using custom programs written in the Matlab (MathWorks, Natick, MA) programming environment. Briefly, Neurolucida output files of individual sections of the spinal gray matter with traced axons were divided into 52 ϫ 52 m square regions of interest (ROIs). For each ROI, we computed the mean density of traced axons or marked varicosities. All axonal tracings corresponded to lines one pixel thick; varicosities were one pixel. This corresponds to the amount of label (i.e., total number of pixels) in the ROI divided by the area of the ROI. A matrix of mean axon or varicosities density was generated in Matlab that preserved the mediolateral and dorsoventral dimensions of the distribution of label in the gray matter. We quantified the regional axon and bouton density to generate maps of regional distribution of axonal label distribution and to quantify the amounts of label in different spinal laminas. These regions were determined by overlaying outlines of Rexed's laminas on the regional distribution maps and specifying matrix coordinates. Density is represented according to a color scale, from the lowest density (blue) to the highest (red). Regional distribution maps were generated for individual animals and then averaged for all animals within each treatment group.
Our anatomical data were corrected for the small variability in tracing differences between animals by dividing individual section data by the average number of ipsilateral axons per animal, counted in ipsilateral white matter tracts (ipsilateral dorsal column and ipsilateral ventral medial funiculus). This is the same correction factor used in other studies (Thallmair et al., 1998) . Statistical analyses (Statview, for Macintosh) were performed on averaged data from individual animals in each group with ANOVA measure and Student's t test with a Bonferroni/Dunn post hoc correction for the number of comparisons. We verified that the number of BDA-labeled ipsilateral axons within the dorsal and ventral white matter columns across did not differ between groups. Moreover, there were no significant differences in gray matter area (mean ϭ 1,135,244.6 Ϯ 1840 m 2 ) between groups (ANOVA, F ϭ 0.758; p ϭ 0.536).
The number of axons crossing the midline spinal gray matter was estimated using a method adapted from Zhou et al. (2003) . Briefly, sections (7-12 per animal) were visualized using differential interference contract microscopy at 400ϫ. Dorsoventrally oriented lines were drawn at midline (determined by alignment with the midpoint of the dorsal columns, central canal, and ventral median fissure), and a parallel line 25 m drawn lateral to midline on the ipsilateral hemifield using the Neurolucida program (see Fig. 5 , inset). The number of axons within the gray matter between the two lines was counted. Averages for each animal were determined, and group averages were analyzed by ANOVA and post hoc comparisons with Bonferroni/Dunn corrections.
Contralateral CS axon terminations. To evaluate changes in axon distribution in the contralateral gray matter, a high-resolution photographic technique was used. Photomicrographs of each contralateral gray matter field (n ϭ 4 sections per animal; 3 animals per group) were acquired through the microscope (at 200ϫ) with the Neurolucida Virtual Slice module. Images were corrected for staining differences by adjusting the threshold control (Photoshop, Adobe, San Jose, CA) so that background staining was eliminated. Resulting black and white images were then exported to MATLAB, and the axon label density was analyzed using the same heat map algorithm and statistical analyses as those used for ipsilateral axon length measurements (above).
Results
To determine the contributions of activity-and injurydependent plasticity, we used a model of spared CST axons. Figure 1 A shows schematically the dense terminations of the predominantly contralateral projections of CS axons in each PT, and the sparse ipsilateral projections (Control). After unilateral PT lesion ( Fig. 1 A, Injured; red side eliminated) there is only sparse CS innervation on the side ipsilateral to the lesion. The dark pink territory marks the former termination field of lesioned contralateral CS axons. The light pink field on the contralateral side marks the former location of lesioned ipsilateral CS axons.
Four groups of animals were studied: untreated controls (n ϭ 9); PT stimulation only (n ϭ 7); PT lesion only (n ϭ 8); and combined PT lesion and stimulation of the intact PT (n ϭ 8). All lesions were made at the level of the medullary pyramid and were found to be complete on postmortem examination (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). We assayed changes in CST connectivity by electrically stimulating the PT and recorded evoked motor responses from the deep radial nerve. We determined changes in the pattern and density of CST axon terminations by anterogradely tracing projections from motor cortex to the cervical enlargement.
Chronic PT stimulation strengthens CS tract connections with spinal motor circuits
We determined the effect of injury and/or chronic PT stimulation on the capacity of the CS tract to activate spinal motor circuits.
Control and injury alone animals received a PT electrode but were not stimulated. The stimulation and combined stimulation and injury groups had PT electrodes implanted and 10 d of daily stimulation. At the end of the stimulation or survival period, we conducted a terminal electrophysiology experiment. We used the implanted ventral PT electrode to evoke contralateral and ipsilateral forelimb motor responses, recorded using nerve cuff electrodes on the DRNs, and determined threshold currents. The threshold is defined as the minimum amount of current for a particular number of stimulus pulses to evoke an ENG response in the DRN. CST axons terminate extensively in the gray matter region containing DRN and other forelimb motoneurons (Liang et al., 1991) . Short trains (two to eight pulses) of biphasic stimuli were used to evoke threshold responses on each side (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Contralateral responses were evoked at lower current thresholds than ipsilateral responses, as predicted by the density of CS terminations. We computed the ratio of ipsilateral/contralateral thresholds as a measure of the relative ability to activate ipsilateral spinal motor circuits. Figure 1 , B and C, summarizes the results of the electrophysiology experiment. Control animals ( Fig. 1 B, open bars) (n ϭ 5) have high ipsilateral/contralateral threshold ratios, indicating weak activation of ipsilateral spinal motor circuits (i.e., activation at higher stimulus strength). In contrast, each of the treated groups had better access to ipsilateral motor circuits. For each train of stimuli, the ipsilateral-to-contralateral threshold ratio was consistently much greater for the control animals than each of the treated groups (Fig. 1 B) (ANOVA repeated measures, F ϭ 9.768; p Ͻ 0.003). There was a robust reduction in this ratio for stimulation alone (light gray bars; n ϭ 3) as well as for injury alone (dark gray bars; n ϭ 3). The largest reduction in the ipsilateral-to-contralateral threshold was seen in animals with combined injury and stimulation (black bars; n ϭ 3). Each animal group differed significantly from the other (Games-Howell post hoc test, p Ͻ 0.05). To obtain a relative measure of the effects of activity and injury, and to compare the physiological and anatomical data, the multiple pulse data for each group were averaged and graphed as a percentage of the control ratio (Fig. 1C) . Remarkably, relative to controls, there was approximately an additive effect of stimulation (107%) and injury (62%) separately in the combined stimulation and injured group (178%). These findings show that injury-induced plasticity can be significantly augmented by chronic electrical stimulation of the CST.
Ipsilateral CS axon terminal regional distribution
We sought to determine whether the increased CS connectivity with ipsilateral motor circuits correlated with an increase in the density, or changes in the regional distribution, of CS axons in the ipsilateral spinal cord gray matter. We anterogradely labeled the CST by injecting BDA into the motor cortex. Ipsilateral CS tract axons are located within the ipsilateral dorsal and ventral columns (Joosten and Bar, 1999) . The number of BDA-labeled ipsilateral axons within the dorsal and ventral white matter columns across all animal groups was 79.78 Ϯ 10.70 (mean Ϯ SE). There were no significant differences in the number of descending ipsilateral axons between groups (ANOVA, F ϭ 1.39; p ϭ 0.287).
To determine changes in the topographic distribution of the ipsilateral CS projection, we traced all labeled ipsilateral axons on five randomly chosen transverse sections through the cervical enlargement. Averaged regional distributions of ipsilateral CS axons are shown in Figure 2 A. Label density within defined regions of interest is coded according to a color scale (blue, least Chronic PT stimulation or injury alone increase the strength of ipsilateral connections, which were further strengthened by combined injury and stimulation. A, Schematic model of CS termination field in the normal cervical spinal cord (Control) and the changes in termination density after PT lesion (Injured). Blue axons derive from the intact PT; red axons derive from the injured PT; pink shading in injured CS shows the former position of the lesioned axons. B, Ratios of ipsilateral current threshold to contralateral current threshold (Ipsilateral/ Contral Threshold Ratio) needed to evoke responses in the deep branch of the radial nerve to PT stimulus trains of two, three, five, and eight pulses. A lower value in the ipsilateralcontralateral ratio indicates augmented access to ipsilateral spinal motor circuits. C, Summary graph showing percentage change in ipsilateral-contralateral threshold ratio. The values for each group were calculated from an average threshold response to all stimulus train lengths. Stimulation (Stim) and injury alone both show increased enhanced capacity to evoke ipsilateral motor responses, which is augmented further in the combined condition (StimϩInj).
dense; red, most dense). As others have reported (Brosamle and Schwab, 1997; Lacroix et al., 2004) , in our control animals ipsilateral CS axons terminated most densely within the medial portion of the intermediate zone of the gray matter (Fig. 2 A1) (average of four rats). We determined the effects of stimulation and injury first separately and then combined. Stimulation on average increased the local density of terminations as well as the overall distribution within the gray mater (Fig. 2 A2) (n ϭ 4) . This shows that stimulation in maturity, as in development (Salimi et al., 2004) , leads to greater outgrowth in the spinal gray matter. Injury alone (Fig. 2 A3) (n ϭ 5) resulted in a qualitatively similar augmentation, as for stimulation alone. Combined stimulation and injury (Fig. 2 A4 ) (n ϭ 5) resulted in greater augmentation of CS axon terminations than either stimulation or injury alone. Changes in the local density and topographic distribution of varicose portions of labeled CS axons, which are putative presynaptic sites (i.e., boutons), paralleled changes in CS axon terminations (Fig. 2 B) .
We quantified changes in the growth of ipsilateral CS tract axon terminations by summing the total length of labeled CS axons within the ipsilateral gray matter (Fig. 3A) . Stimulation alone (light gray bar), compared with controls (white bar), resulted in a significant 80.6% increase in total axon length (t test; corrected for multiple comparisons: p ϭ 0.011). Injury alone (dark gray bar) resulted in a significant 117.1% increase in the total corrected axon length than controls ( p ϭ 0.003). Although higher than stimulation alone, this increase is not significant ( p ϭ 0.824). Combining 10 d of PT stimulation after injury resulted in the largest increase, relative to control, of 193.6% ( p ϭ 0.002). Similar to evoked ipsilateral motor responses, there was approximately an additive anatomical effect of stimulation and injury. Consistent with an additive effect, a two-factor ANOVA revealed that there were no significant interactions (i.e., neither synergy or decrement) between stimulation and injury ( p ϭ 0.214). Injury and stimulation, alone and in combination, also produced increases in CS axon varicosity density, with an identical rank order of increases (one-ANOVA, F ϭ 3.480; p Ͻ 0.04).
To compare changes in the distribution between animal groups more directly, we transformed the topographic data into a one-dimensional plot of total ipsilateral CS labeling along the dorsoventral axis. Figure 4 plots the average axon density Ϯ SE for each group. Combined injury and stimulation (red lines) resulted in a greater amount of outgrowth into the ventral horn (arrow) than stimulation or injury alone. To examine the question of preferential ventral outgrowth further, we compared ventral horn termination density across groups (Fig. 3B ). There was an overall significant group difference (ANOVA, F ϭ 7.37; p ϭ 003). Importantly, combined injury and stimulation was significantly greater than injury alone (unpaired t test; p ϭ 0.04). As with ventral horn axons, there also was an overall significant group difference in axon varicosities in the ventral horn (ANOVA, F ϭ 4.53 p ϭ 0.02), and there was a significant increase in the combined stimulation and injury group compared with controls (unpaired t test; p ϭ 0.03). Our findings show that stimulation augments injury-dependent changes, with preferential outgrowth into the ventral horn.
Lamina 10 decussating axons
Contralateral CS axons cross the midline (i.e., recross) at the segmental level to make an important contribution to CS axons in the ipsilateral gray matter (Brosamle and Schwab, 1997) . To estimate changes in the number of axons that cross the midline at the segmental level, we counted the number of ipsilateral axons in lamina 10, 25 m from the midline (Fig. 5, inset) . In control animals, there is a small number of CS axons in this region (mean ϭ 1.51 Ϯ 0.17 axons/40 m section) (Fig. 5, open bar) . Stimulation alone increased the number of axon (mean ϭ 4.4 Ϯ 1.2 axons/40 m section) (Fig. 5, light gray bar) , as did injury alone (mean ϭ 4.13 Ϯ 1.5 axons/40 m section) (Fig. 5, dark gray  bar) . Combined, injury plus stimulation resulted in the most CS axons in this area (mean ϭ 7.10 Ϯ 1.01 axons/40 m section) (Fig. 5, black bar) . We found that there was a significant overall trend across the four groups of animals (one-way ANOVA, F ϭ 6.833; p ϭ 0.005). Post hoc testing revealed that the difference between control and combined injury and stimulation groups was significantly different (Bonferroni-Dunn; p ϭ 0.0005). These finding suggest that recrossing segmental CS axons, as for ipsilat- eral CS axons generally, showed the greatest increase for the combined injury plus stimulation group. Although the absolute values are small, it should be noted that these numbers are for 40 m thin sections. The cervical enlargement (C5-C8) is ϳ7 mm (Alstermark et al., 2004) . Extrapolating the range of axons we observed on 40 m sections, we would expect ϳ1242 axons in the combined injury and stimulation group.
Contralateral CS axon distribution
Unilateral PT lesion and PT stimulation will have bilateral effects in the spinal cord, mediated by the sparse ipsilateral terminations and the dense contralateral terminations (Fig. 1 A) . We showed that the ipsilateral terminations react strongly to injury and stimulation alone and in combination. We predicted that contralateral projections, because of their high density, would create greater competition among themselves and therefore have a less robust outgrowth than the sparse ipsilateral terminations. It was not possible to trace the contralateral CS axons individually, as we did for the ipsilateral terminations, because they were too dense. Instead, we developed a measure of axon labeling based on opti- cal density that took advantage of the high contrast between labeled CS axons unstained gray matter background (see Materials and Methods). Using this approach, we found the region of densest labeling (35% of maximal) to have expanded slighted (Fig. 6 A, solid inner line), as did the total labeled region (solid outer line). The total amount of label (Fig. 6 B) showed a modest and not significantly increased trend toward increased labeling in the stimulation only, lesion only, and combined groups (one-way ANOVA, F ϭ 0.562; p ϭ 0.655). Thus, although there was a trend toward similar outgrowth effects on the contralateral axon terminations, the magnitude was much smaller than for the ipsilateral terminations and was not significantly different.
Discussion
There is an important, and largely unrecognized, interplay between activity and injury in the mature CS system. Promoting CS neural activity strongly promoted ipsilateral connections, but without changing the overall pattern of growth in the spinal gray matter. Injury alone had a similar effect. Activity and injury, in combination, complemented each other to produce the strongest connections. Furthermore, the combination led to a pattern of ipsilateral CS terminations that was preferentially directed to the ventral spinal cord, a new pattern of connections that is apt to be adaptive in supporting motor behaviors mediated by the motor cortex. In animals with combined injury and stimulation, ipsilateral motor responses evoked by PT stimulation rivaled those on the contralateral side, yet the density of ipsilateral terminations was much lower than contralateral terminations. This suggests that most of the increased ipsilateral response is mediated by enhancing synaptic strength. Although strengthening ipsilateral connections is the most parsimonious explanation, it is plausible that contralateral connections to spinal commissural neurons could serve this purpose. Either way, it shows that the motor cortex can likely access ipsilateral spinal motor circuits.
Reactive sprouting of spared axons after injury
We found a significant increase in the length of spared ipsilateral CST axons after PT lesion. This increase is likely caused by a combination of local sprouting of preexisting ipsilateral terminations and increased numbers of contralateral CS axons that recross the midline within lamina 10. Compared with previous studies that quantified reactive sprouting of intact CS axons after partial injury, we report substantially more growth. This is likely attributable to our approach of monitoring all labeled ipsilateral CS axons, which may be a more sensitive assay than more limited counting strategies (Thallmair et al., 1998; Weidner et al., 2001) . One study that measured reactive sprouting in the monkey after spinal hemisection used retrograde spinal labeling to show a 24% increase in the numbers of labeled ipsilateral CST neurons in the cortex (Aoki et al., 1986) , which is consistent with our findings. The pattern of spared axon growth after unilateral pyramidotomy fits with our competition model. We found that after removal of the major source of CS input, the contralateral CS tract, the motor effects of ipsilateral stimulation were significantly strengthened, and CS outgrowth within the ipsilateral gray matter was robust. In contrast, removal of a minor source of CS input, the ipsilateral CS tract, did not result in either stronger contralateral motor effects or significant axon outgrowth. Although our anatomical assay for monitoring contralateral terminations is less sensitive than for ipsilateral terminations, the physiological assay is not. Promoting ipsilateral, not contralateral, CS connectivity suggests that the efficacy of sprouting depends on competition among spared axons. Efficacy appears to be greater when a large component of competing CS terminations are removed.
A question that arises from this model is whether other descending or spinal afferent systems sprout in reaction to CS injury. Interestingly, sprouting by rubrospinal axons, in otherwise untreated animals, was not reported after pyramidotomy (Raineteau et al., 2002) . Rather, such sprouting was only reported for animals treated with the IN-1 anti-NOGO antibody. Although this needs to be examined directly, these findings suggest that interactions between like axons are stronger than between axons of different neural systems. Understanding the change in pattern of terminations from different neural systems after injury will help us to formulate strategies to restore functional circuits, perhaps by selectively stimulating certain systems and not others.
Activity-dependent competition between mature CS axon terminations
Our present findings in the adult animal extend our developmental findings of the importance of activity-dependent competition (Martin, 2005) . In the kitten, we found that active CS axons over- Figure 6 . Contralateral CS terminations do not respond significantly to stimulation (Stim) and injury alone and in combination (InjϩStim). A, Distributions of regions of densest CS labeling (inner solid line; 35%) and total labeling (outer solid line; total label). Axon label was determined by optical density after reducing background signal to zero. Data from the four animal groups are shown: controls (n ϭ 4), stimulated alone (n ϭ 4), injury alone (n ϭ 5), and combined injury and stimulation (n ϭ 5). B, Total contralateral label for each animal group. There were no significant differences between groups (ANOVA, F ϭ 0.56; p ϭ 0.655).
grow termination fields of inactive or less active axons. A hint about activity's role in maturity comes from our recent work in the cat showing that activity-dependent competition can be manipulated late in development, after the pattern of CS connections is stable, to reverse aberrant CS connectivity . It has been suggested that activity-dependent competition, as we have shown in the cat, drives development of CS projections in the human (Eyre et al., 2007) .
Why were activity-dependent processes more effective in promoting ipsilateral than contralateral CS terminations? Although activity could promote sprouting of spared axons in maturity in a variety of ways [for review, see Qiu et al. (2002) and David and Lacroix (2003) ], stable axon outgrowth likely requires synapse formation (Nelson et al., 1995; Turrigiano and Nelson, 2000) with spinal target neurons. And the capacity for new synapses depends critically on activity-dependent competition (Hua et al., 2005) . Akin to what we described above for injury-induced sprouting, in the intact animal, ipsilateral terminations are sparse, which assures a low probability of competition. Thus, the potential for forming new ipsilateral connections may be high. In contrast, contralateral termination density is normally high, making it a more competitive environment and limiting its capacity to form new or stronger connections.
Interplay between injury-and activity-dependent plasticity Remarkably, injury and stimulation promote outgrowth and strength of ipsilateral motor responses in a quantitatively similar way. Combined, injury-and activity-dependent plasticity were additive. Not surprisingly, there also was a parallel increase in the density and extent of axon varicosities, which are presumably presynaptic boutons. It is plausible that whatever drives axon outgrowth and synapse formation under these two different conditions has separate mechanisms that simply add. Alternatively, our finding of strong activity-dependent outgrowth and strengthening in the intact CS system raises a second possibility that a component of the response to injury is a response to decreased activity in the damaged system. The injured CS system becomes a less used (Jones and Schallert, 1994) , and presumably less active, component of the motor systems. This could disinhibit the contralateral motor cortex, because there are strong reciprocal inhibitory interactions between the motor cortices in each hemisphere (Ferbert et al., 1992) , and lead to an increase in the activity of spared axons. Thus, unilateral lesion of the CS system could lead to an increase in activation of the contralateral, intact, CS system by transcallosal disinhibition.
Combining stimulation and injury led to a novel pattern of terminations in the ventral horn, and thus the opportunity to form novel ventral horn connections. This must be an activitydependent effect that is specific to this model of spared axons, because neither injury alone nor stimulation alone biased terminal outgrowth ventrally. Strengthening ventral connections could improve motor control by two mechanisms. First, the new terminations could more directly access spinal motor neurons, either by direct contact (Weidner et al., 2001) or through interneurons. Second, these ventral terminations may abrogate the spasticity that is seen after CS injury. Spasticity involves a sensitized stretch reflex that could be better regulated by increased CS innervation of ventral motor circuits (Pierrot-Deseilligny and Burke, 2005).
Harnessing activity-and injury-dependent processes to reshape CS motor circuitry after injury CS tract stimulation is a novel, and a remarkably circuit-specific, way to promote motor pathway connectivity after brain or spinal injury. Previous efforts have focused largely on neutralizing or abrogating growth inhibitory factors, either at the site of injury or in termination fields (Bradbury et al., 2002; Qiu et al., 2002; McGee and Strittmatter, 2003; Schwab, 2004; Massey et al., 2006) , which augments the connectivity of all local and responsive neural systems. This strategy can promote functional improvement (Thallmair et al., 1998; Merkler et al., 2001; GrandPre et al., 2002) , but it also may result in aberrant connectivity that could produce pain (Hofstetter et al., 2005) or spasticity. Locomotorbased behavioral strategies (Edgerton et al., 2004) and functional electrical stimulation (FES) (Gorman, 2000) produce a generalized increase in activity in the segments stimulated. Our approach of selectively stimulating the CS system, in contrast, would be expected to activate preferentially spinal motor circuits that mediate cortical control. Thus, it is likely that generalized "bottom-up" approaches such as locomotor training and FES will strengthen a different (Huang et al., 2000) , but overlapping, set of spinal circuits than CS system stimulation (Curfs et al., 1996) . Importantly, the "top-down" approach of CS system stimulation allows activity-dependent processes to be focused on the specific cortical and spinal circuits that are most important for voluntary motor control (Pierrot-Deseilligny and Burke, 2005) .
Just as injury and activity produced complementary effects on CS connectivity in this study, combining CS stimulation with other efforts to promote axon outgrowth will also likely complement one another. Severed CS axons that grow through a lesion site after the application of factors that reduce axon growth inhibition (McGee and Strittmatter, 2003; Schwab, 2004 ) might be directed to form more adaptive and stronger circuits if they are also electrically stimulated. Likewise, reducing axon growth inhibition locally in the spinal cord might improve the outgrowth that we saw in spared axon terminations. Thus, in addition to better understanding the relationship of injury and activity in the mature CS system, we have introduced a new strategy that could add significantly to the existing efforts to restore function after CNS injury.
